CONVERSION FACTORS AND VERTICAL DATUM
A bed-material sample was collected at the bed surface and at 13 feet below the bed surface, which was a depth greater than the anticipated scour depth. The median diameter was 4.6 millimeters at the bed surface and 9.0 millimeters 13 feet below the bed surface. Bed-material particle-size distribution was determined for six size classes ranging from 1 to 30 millimeters. Bed-material discharge was estimated at 18,770 tons per day using hydraulic properties, water temperature, and Yang's equation.
Channel-change simulations showed a maximum channel fill of 0.13 foot for a 500-year flood. Maximum contraction and channel scour of 1.38 feet were simulated for the regional maximum-peak discharge flood. Maximum total scour was simulated to be 5.72 feet for the 500-year flood and 8.74 feet for the regional maximum-peak discharge flood. The simulations showed about 10 feet of pile freeboard remaining after passage of the 500-year flood.
Historically, degradation has occurred at the bridges and the simulations of present channel conditions did not show the prior degradation. A hypothesis that the channel thalweg was not at equilibrium during the prior gravel mining was evaluated. Representation of present channel conditions was modified to simulate an excavation extending from about 500 feet below the downstream bridge to the end of the study reach. Simulations of the 500-year flood showed that degradation occurs at the upstream end of the hypothetical gravel mining area. The simulations showed a degradation at the peak discharge and a continuation of degradation throughout the flow event. The simulations used to evaluate this hypothesis show that the channel thalweg was not at equilibrium during the gravel mining and that bed material was subject to transport into the excavated area.
INTRODUCTION
Scour is defined as a lowering of the streambed below a natural level or below an assumed datum. Scour depth is the depth of bed material removed below the natural level or assumed datum. Total scour at or near bridges may result from a summation of scour from three categories of scour:
(1) Pier scour streambed erosion caused by vortices and eddies around piers and abutments, which obstructs the flow path; (2) Contraction scour streambed erosion from increased flow velocities in or near bridge openings caused by contracted flow from approach embankments and piers; and (3) Channel scour progressive degradation of the streambed from a natural process or from some change in the control of the channel.
The Transportation Research Board of the National Research Council has implemented research efforts that address the problem of scour at bridge crossings in the United States. These efforts were identified after a major bridge crossing failure. Subsequently the Federal Highway Administration issued a technical advisory that provided policy and procedures for State highway departments to evaluate the vulnerability of the Federal Interstate Highway System to bridge failure due to potential scour. The National Cooperative Highway Research Program contracted for the development of the Bridge Stream Tube model for Alluvial River Simulations (BRI-STARS) (Molinas, 1990) . The model is to be used for sediment-transport analysis at bridge sites classified as scour critical. The Federal Highway Administration presented these policies and procedures in Hydraulic Engineering Circular No. 18 (HEC-18) (Richardson and others, 1991) .
In response to the technical advisory, the New Mexico State Highway and Transportation Department has identified about 30 scour-critical bridge locations in New Mexico. To address these concerns, the US. Geological Survey, in cooperation with the New Mexico State Highway and Transportation Department, conducted a study at one of these bridge locations, Cuchillo Negro Creek at the Interstate 25 crossing near Truth or Consequences, New Mexico. This scourcritical site also was selected because of a gravel mining operation immediately downstream and the newly constructed Cuchillo Negro Creek Dam upstream. Because this study was a prototype for a proposed statewide program, three theoretical peak-discharge situations were considered for comparing and evaluating extreme events: the 100-year peak discharge, the 500-year peak discharge, and the regional maximum-peak discharge. The development of the regional maximum-peak discharge was presented as a comparison with the 500-year peak discharge as an extreme event.
Purpose and Scope
This report presents prototype bridge-scour analysis results for the Cuchillo Negro Creek site at the Interstate 25 crossing near Truth or Consequences, New Mexico. The analysis includes development of theoretical flood hydrographs for the 100-year peak discharge, 500-year peak discharge, and a regional maximum-peak discharge. The flood hydrographs are used in the simulation of sediment-discharge and bridge scour at the site during these flood conditions.
Description of Study Site
The Interstate 25 bridges at the Cuchillo Negro Creek site were completed in 1970. The bridges are located about 5.3 mi downstream from Cuchillo Negro Creek Dam and about 1.5 mi north of Truth or Consequences. The drainage area at the site is 341 mi2, which includes 16.6 mi2 downstream from the dam. Cuchillo Negro Creek Dam, a flood-detention dam constructed by the U.S. Army Corps of Engineers, was completed in 1991. The reservoir formed by the dam has a capacity of 13,500 acre-ft at the spillway crest and a calculated sediment trap efficiency of 34 percent (U.S. Army Corps of Engineers, 1988) . The degradation of the 5.3-mi reach downstream from the dam is expected to be a long-term process as the trap efficiency of the dam changes. The study reach and dam are shown in figure 1. The channel has a steep gradient, consisting of mostly gravel, and a wide, flat bottom insensitive to stage changes of the stage-discharge rating.
THEORETICAL INSTANTANEOUS PEAK DISCHARGE
The determination of peak discharge is critical to the analysis of bridge scour. The Federal Highway Administration recommends, in HEC-18, that bridge scour be evaluated for an extreme event, such as the 500-year peak discharge.
One-Hundred-and Five-Hundred-Year Peak Discharge
The 100-year peak discharge was used to determine the extreme event, or 500-year peak discharge, for the study site. To estimate the 500-year peak discharge from the 100-year peak discharge, the ordinate ratio of the peak-discharge frequencies is used, which is the ratio between the discharge ordinate of the probability density function for the 100-year peak discharge and the discharge ordinate of the probability density function for the 500-year peak discharge. The following discussion describes the determination of those peak discharges for the Cuchillo Negro Creek site at the Interstate 25 crossing. The 100-year peak discharge at the bridge is determined from the sum of the discharge at the dam and the discharge from the intervening drainage area downstream from the dam. The 100-year design outflow hydrograph for Cuchillo Negro Creek Dam, presented in a design memorandum of the U.S. Army Corps of Engineers (1988) , was used for estimating the 100-year and 500-year peak discharges at the Cuchillo Negro Creek Interstate 25 crossing. The 100-year peak discharge from the dam is 2,700 ft3 /s. The discharge for the intervening drainage area downstream from the dam (16.6 mi2 between Cuchillo Negro Creek Dam and the Interstate 25 crossing) was estimated using the regional regression equation for region 7 presented by Waltemeyer (1986):
(1)
where QIQQ = peak discharge for the 100-year recurrence interval, in cubic feet per second; and A = drainage area, in square miles.
The 100-year peak discharge from this area thus is estimated to be 3,590 ft3/s. The peak discharge from the dam (2,700 ft3/s) plus the peak discharge from the intervening drainage area (3,590 fp/s) is 6,290 ft3 /s.
The 500-year peak discharge was determined from the recommended ratio of 1.7 times the 100-year peak discharge (Richardson and others, 1991) . The ordinate ratio for the New Mexico regional regression equation is 1.5 (Waltemeyer, 1986) , which is considered in close agreement with the HEC-18-recommended ratio of 1.7. Nevertheless, the 1.7 ratio was used for a conservative estimate, and the 500-year peak discharge of 10,700 ft3 /s is estimated for the site.
Regional Maximum-Peak Discharge For the design of major structures, unit-hydrograph techniques and an estimate of the probable maximum precipitation (PMP) are used to determine the probable maximum flood. As an alternative to determining the probable maximum flood from the PMP data, a regional maximum-peak discharge can be developed from observed maximum-peak discharge data. Maximum floodflows in the conterminous United States (Crippen and Due, 1977) have been reported and may better represent an extreme event. Maximum floodflows were determined for this study and termed regional maximum-peak discharge; data are presented for New Mexico based on observed maximum-peak discharge data given in the peak-flow file section of WATSTORE (Water-Data Storage and Retrieval System) (Dempster, 1981) . Maximum annual peak discharges for 259 unregulated streamflow-gaging stations in New Mexico as related to drainage area (Dempster, 1983) were used to construct an envelope curve or upper limit of maximum-peak discharge ( fig. 2) . The maximum-peak discharge of each annual series or the maximum-peak discharge of record and the threshold of this relation are known as the regional maximum-peak discharge. The envelope curves from Crippen and Due (1977) that apply to New Mexico were for regions 12,13, and 14 ( fig. 2) . The curves for regions 13 and 14 plot fairly closely to the curve used in this study, but the curve for region 12 is considerably higher. In the determination of the curve for region 12, maximum-peak discharge data for seven gaging stations were used, for region 13 data for five gaging stations were used, and for region 14 data for six gaging stations were used. The maximum-peak discharge data used for this study better define an envelope curve of regional maximum-peak discharge for New Mexico.
The regional maximum-peak discharge curve derived from New Mexico streamflow records is considered a better estimate than the curves from Crippen and Bue (1977) . The following relation was developed from the New Mexico envelope curve and used for estimating the regional maximum-peak discharge for the Cuchillo Negro Creek site:
where Qmax = regional maximum-peak discharge, in cubic feet per second; and A = drainage area, in square miles.
The regional maximum-peak discharge for the 341-mi2 drainage area of the Cuchillo Negro Creek site thus is estimated to be 81,700 fr/s. The assumption was made that for a flood of this magnitude, the upstream reservoir would have little attenuation effect on the flood hydrograph. 
DEVELOPMENT OF FLOOD HYDROGRAPHS
Bridge-scour analysis includes factors such as sediment-transport and local scour calculations at the bridges. Sediment-transport modeling requires flood hydrographs. Because the site is ungaged and as an alternative to rainfall/runoff modeling to estimate flow for a hydrograph, a synthetic (dimensionless) hydrograph approach using flood volumes was used for this prototype study. Theoretical flood hydrographs were determined for the 100-year peak discharge, 500-year peak discharge, and regional maximum-peak discharge. Flood volumes were estimated from the peak discharge and then used in a synthetic-hydrograph technique. Flood hydrographs were discretized for model input.
Theoretical Flood Hydrograph
Relations between peak discharge and flood volume have been determined from measured streamflow data for other areas. Such relations were determined for unregulated basins in the eastern part of Colorado (Livingston and Minges, 1987) and in Wyoming (Craig and Rankl, 1978) . The following equation (Livingston and Minges, 1987 ) was used to estimate flood volume from a peak discharge:
where V = flood volume, in acre-feet; and Qp = peak discharge, in cubic feet per second.
Synthetic hydrograph constants were used to develop the flood hydrograph from the following equations (Livingston and Minges, 1987) :
where Q = discharge constant, in cubic feet per second per discharge unit; and
where T = time constant, in minutes per time unit.
The dimensionless discharge and time units of the synthetic hydrograph and the calculations for the 500-year flood hydrograph using the 500-year peak discharge (10,700 ft3 /s) are listed in table 1. The same technique was used to develop the flood hydrographs for the 100-year and regional maximum-peak discharge shown in figure 3. Livingston and Minges (1987) . Based on an estimated 500-year peak discharge of 10,700 cubic feet per second and flood volumes of 685 acre-feet, the time and discharge constants are calculated as follows: 
Discretization of Flood Hydrographs
The outflow from Cuchillo Negro Creek Dam was incorporated into the recession of the synthetic flood hydrographs, and the combined hydrographs were discretized for entry into the model. The 100-year outflow is a constant discharge of 2,700 ft3/s. The 500-year flood hydrograph was determined on the same basis, using an ordinate ratio of 1.7 to obtain the 500-year outflow from Cuchillo Negro Creek Dam. The synthetic flood hydrograph for the regional maximum-peak discharge recession was drawn using graphical interpolation from the trends of the 100-year and 500-year flood hydrographs.
Discretization of the input flood hydrograph is a procedure required by the model. Graphical discretization methods were used for a fixed time increment or duration of 7.5 minutes for the 100-year and 500-year flood hydrographs and 5 minutes for the regional maximum-peak discharge, as shown in table 2. The duration of each combined hydrograph was 225 minutes; therefore, each hydrograph was broken into 30 discrete increments of constant discharges for the 100-and 500-year hydrographs and 45 increments for the regional maximum-peak discharge hydrograph as shown in attachment A (attachments A and B are in the back of the report) and table 2. 
BRIDGE-SCOUR ANALYSIS
Simulations of sediment transport associated with channel scour or deposition and local bridge scour were performed using the Bridge-Stream Tube model for Alluvial River Simulation (BRI-STARS) computer model (Molinas, 1990) . The sediment-transport equation presented by Yang (1984) was selected in the model because of its application to the gravel-size material. The Colorado State University equation, presented by Richardson and others (1991) , was selected for the pier-scour calculations. Contraction scour was computed and combined with channel change as part of the sediment-transport computation.
Sediment Transport
Sediment transport was simulated for a 5,340-ft reach beginning 1,800 ft upstream from the Cuchillo Negro Creek Interstate 25 crossing and ending at the approach of the U.S. Highway 85 crossing ( fig. 1 ), near a local gravel mining operation. This downstream gravel mining operation may affect the reach upstream at the bridge because of the increased slope of the thalweg of the creek downstream from the bridge. Bed material in the channel is in abundant supply. Data describing bed-material size distribution as determined and shown below were input to the model. Bed-material discharge was estimated using the computer program "SedimentDischarge" (SEDDISCH) by Stevens (1989) . Parameters for the computations included channel top width, average depth, average velocity, water temperature, water-surface slope, and median particle-size (D50) for Yang's gravel equation (Yang, 1984) . Results indicated a sediment discharge of 18,770 tons per day entering the reach.
Bed-material size distribution is a component of the sediment-transport equation used in the BRI-STARS model. One bed-material sample was collected at the streambed surface and another sample was collected, by excavating a hole with a backhoe, 13 ft below the surface to determine particle-size distribution. The sampling location was at the bridge approach section and the depth of anticipated scour was expected not to exceed 13 ft. Bed material in the channel is equally distributed across the channel and has no armored layer of nonerodible material. Drilling reports substantiate that the same gravel-size material is found at depths greater than 100 ft (Randy Menear, Bartoo Sand and Gravel, Inc., oral commun., 1993) . Therefore, bedrock would not be penetrated in the possible scour zone.
U.S. standard size sieves were used for the particle-size analysis as presented by Guy and Norman (1970) . Six size classes ranging from 1 to 30 millimeters were used. The material was separated by hand shaking; a mechanical shaker was not needed. The particle-size distribution is shown in figure 4 and in the table following figure 4. Distribution is shown graphically in figure 4.
The median diameter (D50) was 4.6 millimeters for the bed-surface sample and 9.0 millimeters for the sample collected 13 ft below the bed surface. Material collected 13 ft below the bed surface was available for use in the model to represent material size if scour to that depth occurred. The surface bed-material size distribution was used as input to the model.
Bridge-Scour Simulations
Simulations were performed with the BRI-STARS model assuming the following conditions. BRI-STARS model documentation indicated that two stream tubes were adequate to represent the condition of a wide, flat, alluvial stream channel. Fixed boundary conditions were assumed to appraise the maximum possible vertical degradation. Channel degradation at bridge crossings is a major component for bridge failure and the maximum case scenario should be evaluated. Water temperature was assumed during model simulations to be 8 °C, based on data collected during typical summer runoff. The theoretical flows were super-critical approaching the bridges. The channel expands and the flow regime becomes sub-critical. The flow regimes from the bridges and throughout the gravel mining area are super-critical, critical, and subcritical. Simulated water-surface levels do not encroach the setback abutments; therefore, abutment scour calculations were not required, only pier scour calculations were required. Simulation results were compared between two bridge conditions: clear conditions and 3 ft of debris accumulation on the pilings. Example input data to the model for the 500-year flood hydrograph are listed in attachment A. Selected output data from the sediment-transport and local bridge-scour computations are listed in attachment B.
Contraction and channel scour, pier scour, and total scour for the various simulations at the Cuchillo Negro Creek site are summarized in table 3. The 500-year flood hydrograph was used to evaluate the extreme-event possibility recommended by HEC-18, which resulted in a maximum channel fill of 0.13 ft at the upstream bridge. The corresponding maximum pier scour was 5.85 ft. The total scour of 5.72 ft was determined by combining the maximum channel fill with the pier scour. Initial, at-peak, and after-flow channel-bed altitude profiles and the computed 500-year water-surface profile for sediment transport are shown in figure 5. The regional maximum-peak discharge flood hydrograph also was simulated; maximum contraction and channel scour were 1.38 ft, and maximum pier scour was 7.36 ft. Maximum total scour was 8.74 ft (table 3) . 14 The simulation for the 500-year flood discharge at the Cuchillo Negro Creek site showed about 10 ft of pile freeboard remaining after maximum total scour of 8.74 ft. The freeboard determination was based on the bottom of the pile bent altitude, which is 4,325 ft above sea level, as obtained from the bridge plans of the New Mexico State Highway and Transportation Department. The bridge-site cross section showing the remaining amount of pile freeboard for the simulated 500-year flood is shown in figure 6 . The present channel conditions used for the aforementioned modeling represent a channel bed slope at equilibrium; however, previous channel degradation has been observed at the bridges. Since bridge construction, observed scour from 1970 to 1992 has been about 4 ft at the upstream bridge and about 8 ft at the downstream bridge, based on the bridge plans and existing (1992) cross-section surveys ( fig. 6 ). No records are available to document the magnitude of the discharge that has degraded the channel at the bridge since construction. The prior channel degradation is hypothesized to result from the changing channel-bed conditions caused by downstream gravel mining. Bed material in the vicinity of the bridges was transported to the area of gravel mining. Simulations to test this hypothesis were evaluated by modeling a hypothetical gravel mining condition. Representation of present channel conditions was modified to simulate an excavation extending from about 500 feet below the downstream bridge to the end of the study reach. Simulations of the 500-year flood showed that degradation occurs at the upstream end of the hypothetical gravel mining area. The simulations showed a degradation at the peak discharge and a continuation of degradation throughout the flow event. This indicates that the channel thalweg was not at equilibrium and that bed material was subject to transport in the vicinity of the bridges and into the excavated area. 15 
SUMMARY
A sediment-transport model simulating channel change was applied to a 5,340-ft reach of Cuchillo Negro Creek at the Interstate 25 crossing near Truth or Consequences, New Mexico, using the Bridge-Stream Tube model for Alluvial River Simulation (BRI-STARS). The model was used to simulate possible contraction and channel scour or deposition and pier scour at the site. The 100-year peak discharge was estimated to be 6,290 cubic feet per second. The 500-year peak discharge for the Cuchillo Negro Creek site was estimated to be 10,700 ftVs. The regional maximum-peak discharge for the site was estimated to be 81,700 ft3/s, based on maximum-peak discharge data for 259 streamflow-gaging stations in New Mexico.
Synthetic flood hydrographs were developed from a flood-volume relation with peak discharge and a dimensionless hydrograph approach. The 100-year, 500-year, and regional maximum-peak discharge synthetic flood hydrographs were discretized for the model, and the estimated outflow from Cuchillo Negro Creek Dam was incorporated into the recession of the flood hydrographs.
Bed-material samples were collected at the bed surface and at 13 ft below the bed surface, which was a depth greater than the anticipated scour depth. The median diameter was 4.6 millimeters at the bed surface and 9.0 millimeters 13 ft below the bed surface. Bed-material particle-size distribution was determined for six size classes ranging from 1 to 30 millimeters. Bed-material discharge for use in the model was estimated to be 18,770 tons per day using hydraulic properties, water temperature, and Yang's gravel equation.
Channel-change simulations showed maximum channel fill of 0.13 ft for a 500-year flood. Maximum contraction and channel scour of 1.38 ft were simulated for the regional maximumpeak discharge flood. Maximum total scour was simulated to be 5.72 ft for the 500-year flood and 8.74 ft for the regional maximum-peak discharge flood. The simulations showed about 10 ft of pile freeboard after passage of the 500-year flood. Observed channel scour since bridge construction was about 4 ft around the upstream bridge and about 8 ft around the downstream bridge. The magnitude of the discharge that has degraded the channel is unknown. Therefore, the model cannot simulate scour that has occurred.
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